INTRODUCTION
Defatted rice bran, containing around 12-20% protein 1 , is an under-utilized residue of the rice bran oil industry. Due to its high quality and hypoallergenicity, rice bran protein is increasingly used in food product formulation such as those used for infants and people suffering allergies.
2 It is also possible to produce protein hydrolysates from defatted rice bran, without necessarily isolating the protein in a pure state. Earlier studies have managed to produce protein hydrolysates from heat stabilized 3 and defatted rice bran 4 . Given the close interactions between phenolics and proteins, it is also possible to produce antioxidant hydrolysate, starting from commercial defatted rice bran. But this has not been attempted so far. The main challenge in producing such products is to be able to achieve high functionality, whilst coping with an inherently poor extractable state of proteins and phenolics in the starting defatted rice bran resulting from the use of organic solvents and
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Accepted Article intense temperatures during oil extraction. 5, 6, 7 This is further complicated by the tight physical bonding of various rice bran components to the solid matrix and the complex chemical interactions between the phenolics and proteins, which makes the extraction process itself to be very challenging. For instance, corn germ bran defatted by ethanol or isopropanol at 70 °C had lower nitrogen solubility index than the raw material. 8 Vojdani 9
stated that a decrease in protein solubility is due to protein denaturation by organic solvent as well as the high temperatures employed. Prigent et al. 10 found that covalent bonds were formed between phenolic compound (chlorogenic acid) and bovine serum albumin at high temperature. In any case, the extraction of proteins and other components are very closely linked, and a background to their extraction is discussed below.
In a typical process, the proteins are solubilized under alkaline conditions and precipitated at the isoelectric point. Carbohydrases 3 or proteases 11 are known to increase protein extractability. Protease, in particular, alters the native protein structure to form "protein hydrolysates" or "bioactive peptides" which are known to have a positive influence on human health. 12 Peptides produced from non-heat-stabilized rice bran are known to exhibit high antioxidant activity. 13, 14 Instead of using enzymes, extraction can also be accomplished under heat and pressure conditions using the so called subcritical water (SW) as the extraction medium. At temperatures around 250 °C, the dielectric constant of SW is comparable to solvents such as ethanol, and can be employed as an effective extraction medium for antioxidative components 15 , as shown in the case of soxhlet defatted rice bran. 4, 16 A preliminary study undertaken in our laboratory showed that the protein recovery from IDRB (industrially defatted rice bran by hexane and high temperature) extracted using mild-subcritical alkaline water (mild-SAW) at pH 9.5, 130 °C for 2 h was significantly higher (15.0%) than those extracted by alkaline extraction (pH 9.5 and 11.0) (5.1% and 12.9%, respectively) ( Table S1 ). The combination of mild-SAW and different enzymes were also compared, and the combination of mild-SAW followed by Protease G6 resulted in the highest protein recovery (21.8%). However, this protein recovery was still much lower than the values reported in other studies, for instance, in the paper 17 where SW was mixed with full fat rice bran (50.77-64.21%) or in the paper 18 where heat-stabilized rice
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bran was used without employing hexane and high temperature (37.4-50.0%). It is however important to note that the use of higher temperatures can also lead to toxic hydroxymethylfurfural (HMF) formation in the process 19 , which must be monitored.
Therefore, to improve the efficiency of protein extraction, in this current study, optimization of Protease G6 hydrolysis conditions was performed under mild-SAW extraction..
The functionality of the hydrolysate depends strongly on the properties of the starting raw material. In order to elucidate the link between the properties of the starting raw material and the hydrolysate, the microstructures of the raw materials as well as the intermediate chemicals formed after mild-SAW and enzymatic hydrolysis were studied using Scanning Electron Microscopy (SEM). Further, preliminary experiments also revealed that the solvent extraction conditions under which the rice bran was defatted had a strong influence on the rates of protein extraction. It was hypothesised that this difference in rates could be attributed to the different surface topography of the defatted materials which resulted under different extraction conditions. An attempt was therefore made to examine the surface topography using Atomic Force Microscopy (AFM).
The present study aimed to optimize the enzymatic hydrolysis conditions i.e. enzyme concentration (E/S) and hydrolysis time in order to achieve maximum protein content and antioxidant activity of rice bran hydrolysates (RBH) produced from IDRB previously treated by mild-SAW. RBH obtained under the optimal condition was elucidated for yield, protein recovery, antioxidant capacity, and the chemical compositions such as phenolic compounds content and profile, as well as HMF content. The surface topography and microstructural changes during the extraction of the defatted materials were monitored by AFM and SEM, respectively.
MATERIALS AND METHODS

Materials
Experiments were conducted with two samples of defatted rice bran: 
Atomic force microscopy (AFM)
The surface topography of IDRB and LDRB was investigated by spreading a 1 mg mL -1 sample suspension in distilled water on a glass surface, and imaging it using AFM (Nano Wizard III, JPK Instruments, Germany) operated in the non-contact mode. The topographic images were analyzed by Gwyddion 2.47 software.
Preparation of antioxidant rice bran hydrolysate (RBH)
IDRB samples sieved through a 50 mesh screen were dispersed in distilled water (1:7 (w/v) ratio), and soaked for 18 h. The suspension pH was adjusted to 9.5 and autoclaved (ES-315, Tomy, Tomy KOGYO Co., Ltd., Japan) at 130 °C (1.68 atm) for 2 h, which represented a mild-subcritical alkaline water (mild-SAW) conditions obtained from the preliminary experiment. The rice bran suspension was then added with distilled water to obtain a 1:10 (w/v) ratio before being hydrolysed with PG6 in a fermenter (Biostat B, B.
Braun Biotech International, Melsungen, Germany). A Central Composite Design (CCD) with two factors: enzyme to substrate ratio (E/S: 20-50 mL kg -1 IDRB denoted by x1) and hydrolysis time (2-6 h denoted by x2) at five levels, each, were applied as shown in Table   1 . Temperature and pH were kept constant at 60 °C and 9.5, respectively. The two dependent Y variables were the resulting protein content and antioxidant activity of the extract. The regression model was
The degree of hydrolysis (% DH) was also investigated by pH-stat method. 20 The reaction of enzyme was stopped at 95 °C for 2 min and centrifuged using a refrigerated centrifuge at 10,000 ×g and 4 °C for 15 min. The supernatant (RBH) was collected to determine the protein content 21 and ABTS radical scavenging activity (ABTS-RSA) 22 .
Then the model equation for predicting the optimum response values was verified using the selected conditions. Means of the experimental values were compared with the predicted value and % error was calculated.
Under optimal condition, RBH solution was freeze dried (Gamma 2-16 LSC plus, Christ, Osterode am Harz, Germany) and kept at 4 °C wrapped in aluminum foil until analyzed.
Yield, protein recovery, antioxidant capacity (ABTS-RSA, Fe 2+ chelating activity 22 , and ferric reducing antioxidant power (FRAP)) 23 , the chemical compositions such as phenolic compounds content and profile, as well as HMF content were analyzed. In addition, its protein recovery was compared to that of the conventional extraction from IDRB and LDRB performed at pH 11.0 and 4.5 for protein solubilization and precipitation. 24 Also, chemical compositions of the starting IDRB and freeze dried RBH powder were also determined.
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Proximate analysis
The 
Analysis of hydroxymethylfurfural (HMF)
The analysis of HMF was adapted from Gӧkmen and Senyuva. 27 Freeze dried RBH (1 g) was dissolved in 10 mL of DI water and stirred for 30 min at room temperature. The mixture was filtered through 0.45 μm membrane, then the supernatant was injected with the same column as phenolic compound analysis. Chromatographic conditions were as follows: 25 °C column temperature, 5 μL injection volume, 0.2 mL min -1 flow rate, and isocratic elution. The mobile phase was 0.01 mM acetic acid in formic acid:water of 0.2:100 (v/v). Identification was carried out by comparing the retention time to the corresponding standards and external standard method was used to quantify the amount of HMF (0.001-1 mg mL -1 ) which was detected at 285 nm.
Scanning electron microscopy (SEM)
The IDRB samples were collected i.e. before and after soaking, after mild-SAW, and after the optimal hydrolysis conditions, then subsequently freeze dried. The microstructure of the freeze dried samples was characterized by Scanning Electron Microscope (SEM S-3000N, Hitachi, Japan) with gold (Au) coating (K 500X sputter coater, Emitech, UK).
Statistical analysis
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All data were expressed as means and standard deviations from two replications. Minneapolis, MN, USA). The statistical significance of differences was defined as P < 0.05.
RESULTS AND DISCUSSION
Chemical composition
The chemical composition of IDRB i.e. moisture, protein, fat and ash contents were 8.07%, 20.19%, 0.83%, and 11.84%, respectively ( 
Surface image of defatted rice bran by atomic force microscopy (AFM)
AFM are useful techniques due to ability to image under more natural conditions and to provide topographic profiles from heights which can be directly measured. Change of surface structure of a raw material and food product affected by processing parameters can be measure by AFM. 28 Rajan et al. 29 studied surface characterization by means of AFM of untreated and pyrolysed rice husk at 573-773 K using a muffle furnace. The results showed different surface roughness of the rice husks due to the decomposition of organic matter. In the current study, more surface roughness of the IDRB compared to that of LDRB (hexane extraction at room temperature) was observed from the topographic profiles (Fig. 1a-b) . In this case, it might be described that the structure of IDRB was shrinkage by high heat treatment (about 140 °C) during solvent removal after hexane extraction. This might also cause protein aggregation and crosslinking with other components leading to lower protein extractability. The protein recovery from IDRB (12.85%) using alkaline extraction was
Accepted Article significantly lower than that from LDRB (46.95%) (Table S2 , supporting information). These results are consistent with the observation that limited release of compounds from IDRB occur, due to the more intense extraction conditions prevailing in the industrial scale oil extractor.
Optimization of enzymatic hydrolysis conditions for RBH preparation
Optimization of PG6 hydrolysis conditions for the production of RBH with high protein content and antioxidant activity was performed. Protein content (Y1) and ABTS-RSA (Y2) of RBH prepared at various conditions (as indicated in Table 1 ) varied from 13.3 to 28.8 mg mL -1 and 13.9 to 23.8 μmol trolox mL -1 , respectively (Table 3 ). The degree of hydrolysis was in the range of 18.2-26.6 % (data not shown).
The regression models for these variables (Y1 and Y2) were statistically significant (P < 0.05) with R 2 = 0.8148 and 0.8700, respectively indicating that the adjustment of the model to the experimental data was appropriate.
In this case, lacks of fit were not significant (P > 0.05). The models were presented in Optimal conditions at E/S of 20 mL kg -1 IDRB and 6 h of hydrolysis process with the highest protein content (28.7 mg mL -1 ) and ABTS-RSA (23.8 μmol trolox mL -1 ) were predicted using the response surface curves (Fig. 2a-b) . The highest desirability values (0.796) obtained from two conditions; E/S of 20 mL kg -1 IDRB and 6 h and E/S of 50 mL kg -1 IDRB and 6 h revealed maximal protein content and the highest antioxidant activity. To confirm the validity of the statistical experiment strategies, two additional verification This article is protected by copyright. All rights reserved.
Accepted Article experiments at optimal conditions were conducted. Error of the responses was calculated between the observation values and the predicted values. It was found that errors of protein content (Y1) and ABTS-RSA (Y2) at E/S of 20 mL kg -1 IDRB and hydrolysis time of 6 h were 5.56% and 0.77%, respectively, and those at E/S of 50 mL kg -1 IDRB) and hydrolysis time of 6 h were 13.61% and 5.51%, respectively (Table 4) . These results demonstrated that the models were adequate for RBH production using enzymatic hydrolysis pretreated with mild-SAW (selected from a preliminary experiment). The conditions at E/S of 20 mL kg -1 IDRB
and hydrolysis time of 6 h were chosen as optimal conditions due to lower enzyme used.
Properties of freeze dried rice bran hydrolysates (RBH) powder
Protein recovery
In freeze-dried RBH powder (prepared at the optimal conditions), moisture, protein, fat and ash contents were 4.74, 26.85, 0.07 and 11.19%, respectively (Table2). Yield and protein recovery (based on the mass of IDRB taken) of RBH powder were 46.06 % and 61.27 %, respectively (Table 2) , which demonstrates that mild-SAW treated IDRB followed by PG6 hydrolysis can increase protein recovery by a factor of 4.8 compared to the conventional alkaline extraction(12.85%) (Table S2 , supporting information). Hanmoungjai et al. 30 optimized Alcalase conditions (E/S: 0-20 g kg -1 bran, hydrolysis time:
1-3 h and temperature: 40-60 °C) by RSM to extract protein from full fat rice bran. The protein recovery at the optimal conditions (1 g kg -1 bran at 50 °C and pH 9 for 2 h) was 68%
Accepted Article being comparative to our result (61%). Hanmoungjai et al. 30 found a significant effect of enzyme concentration but hydrolysis time while our study revealed the opposite trend. This might be due to the difference of raw material and treatment used; full fat rice bran used by
Hanmoungjai et al. 30 against the IDRB used in this study. Also, IDRB had been pretreated by soaking and mild-SAW treatment.
Phenolic compounds
There have been reports published which state that the antioxidant compounds and antioxidant activities of the extracts strongly depend on the solvent used for the extraction, due to the different chemical properties, especially the polarity. 31 Therefore, the selection of a solvent that is suitable for the extraction system is extremely important since the structure and matrix composition of each matrix-solvent system can be diverse. 32 Several studies have shown that methanol (MeOH) at different concentration is frequently used for phenolic compounds extraction from plants. 33, 34 In this study, phenolic compounds were extracted from IDRB and freeze dried RBH powder using 36 reported that the higher the solvent polarity (acetone<ethanol<water), the greater the TPC contained in the extracts from full fat rice bran (8.96, 10.17 and 11.34 mg gallic acid g -1 dry weight, respectively).
Many phenolic acids are naturally bound to cell wall components and proteins. 37 With the oil extraction process phenolic acids in the IDRB might strongly link with other components thus being less extractability. Nonetheless, the RBH contained 6.0-7.4 times higher TPC than in its raw material (IDRB) (Table 5) indicating that mild-SAW followed by PG6 hydrolysis was more capable of extracting phenolic compounds than using extracting
Accepted Article medium alone. Pourali et al. 16 revealed that extracting medium under SW condition (100-360 °C for 10 min.) applied to defatted rice bran enhanced the release of TPC from 5 to 42 mg ferulic acid equivalents g -1 dry matter when temperature increased from 150 to 220 °C.
Similarly, Wiboonsirikul el al. 4 extracted phenolic compounds from defatted rice bran by SW at temperature range of 50-200 °C for 5 min and found that TPC increased as temperature increased (~1-30 mg gallic acid g -1 bran), whereas at 130 °C TPC was lower than 5 mg gallic acid g -1 bran.
Wanyo et al. 38 found ferulic, protocatechuic, gallic and vanillic acids as the major phenolic acids in Khao Dawk Mali 105 rice bran. In the current study, six phenolic compounds were identified but four main phenolic acids (vanillin, p-coumaric acid, ferulic acid, and sinapic acid) were remarkable in RBH extracted with different MeOH:water ratios.
The results demonstrated that the 70:30 ratio can dissolve more vanillic acid, vanillin, ferulic acid, and syringic acid from RBH better than others, while water was the best solvent to extract p-coumaric acid. The first and the second high amount of phenolic compounds in RBH were p-coumaric and ferulic acids (Table 6 ). Conversely, Pourali et al. 16 found protocatechuic acid and vanillic acid as major phenolic compounds in extracts from defatted rice bran (defatted by soxhlet extraction at room temperature) using subcritical treatment (220 °C, 15 & 23 min, respectively). No protocatechuic acid and little vanillic acid content were detected in our RBH sample. They were extractable at different conditions which related to the dielectric constant and polarity of the media affected by subcritical condition. Moreover, in rice bran cell wall, the phenolic compounds are bound with lignin and carbohydrates (hemicelluloses and cellulose) 16 in which SW could positively hydrolyze rice bran and dissolve phenolic compounds at the appropriate conditions.
Antioxidant activity
The antioxidant activities of RBH powder such as ABTS-RSA, Fe 2+ chelating activity and FRAP were 294.22 ± 5.47 µmol trolox g -1 , 79.76 ± 1.36 mg EDTA g -1 and 57.72 ± 0.13 µmol FeSO4 g -1 , respectively. Our RSM study revealed a correlation between active compound content, the protein released from IDRB and ABTS-RSA of the RBH (Fig. 2a-b ).
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The lowest protein content and ABTS-RSA were observed in RBH produced employing the shortest hydrolysis time (1.17 h), while the highest protein content and ABTS-RSA were observed in the RBH produced under optimal conditions (E/S of 20 mL g -1 and 6 h).
Different protein contents, phenolic compounds and antioxidant activities were reported in earlier studies, because these studies employed different raw materials and extraction methods. Watthanasiritham et al. 39 produced freeze dried rice bran protein from defatted rice bran (Khao Dawk Mari 105) (defatted by hexane at room temperature) using alkaline extraction (pH 9.5), followed by acid precipitation (pH 4.5). It contained 53% protein and a phenolic content of 18.78 µg gallic acid g -1 with antioxidant capacity of 41.91% (determined by DPPH) and 92.6 µmol FeSO4 g -1 protein (determined by FRAP). Their study showed much lower phenolic content compared to the present study, probably because the bound phenolic compounds were not dissociated from the bran during conventional alkaline extraction. Moreover, these studies also revealed that freeze drying did not affect antioxidant activity of the protein extract. María et al. 40 produced rice bran extracts from untreated rice bran and parboiled rice bran using enzymatic extraction (subtilisin, a serine protease, at 0.2 U g -1 protein, pH 8, 60 °C for 40 min). The extract from untreated rice bran had higher phenolic content and antioxidant activity determined by ORAC method than the extract from parboiled rice bran. These results also highlight the impact of heat experienced during parboiling on extractability from the bran.
Hydroxymethylfurfural (HMF)
5-hydroxy methyl furfural (HMF) is an aldehyde and a furan compound. 41 It is an intermediate compound formed in the Maillard reaction at pH 7 or below when hexoses are involved. 42 Generally, HMF is formed as a result of the reaction between reducing carbohydrates and proteins and its formation is induced by high temperature during food processing or storage. 43 In this study, HMF may be induced by heat and acidic pH during mild-SAW. The pH of the mixture before being subjected to mild-SAW was adjusted to pH 9.5 however pH of the mixture was decreased to ~6 due to hydrogen ion broken down from alkaline water under mild-SAW condition.
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The HMF content was 0.208 ± 0.007 mg g -1 RBH or equal to 0.096 ± 0.003 mg g -1 IDRB
(calculated based on HMF content in RBH extracted from 1 g IDRB papers concerning the experiment of HMF toxic in animal (mice and rat) and reported that in the range of 80-100 mg dose kg -1 body weight per day, no toxic effect was perceived.
Thus, the RBH obtained in this study is likely to be safe for consumption considering the low HMF content.
Microstructure of IDRB before and after RBH extraction/hydrolysis
The microstructure of IDRB before and after RBH extraction using mild-SAW followed by PG6 hydrolysis at the optimal conditions (E/S of 20 mL kg -1 IDRB and hydrolysis time of 6 h) was characterized by SEM. From the results, it could be observed that the microstructure of IDRB (passed through solvent extraction and heat) was tightly packed, while IDRB soaked in alkaline water (pH 9.5) revealed more porosity and swelling structure compared with the IDRB with no treatment (Fig. 3a-b) .The IDRB treated with only mild-SAW ( Fig. 3c ) and treated with mild-SAW followed by PG6 hydrolysis (Fig. 3d ) had lightly packed structure and larger pore size possibly implying that more components were extractable. These results indicated that using these processes combination may promote the release of bioactive components such as protein and phenolic compounds from IDRB.
CONCLUSIONS
The surface images from AFM analysis demonstrated structural changes of defatted rice bran due to heat and chemical treatments during oil extraction causing a difficult release of compounds including phenolic compounds and proteins from IDRB. The optimal conditions for RBH extraction, using mild-SAW followed by PG6 in order to attain the highest ABTS-RSA, were E/S of 20 mL kg -1 IDRB and hydrolysis time of 6 h at 60 °C and pH 9.5. This process can successfully extract more protein from the IDRB, resulting in 4.8 times greater
This article is protected by copyright. All rights reserved. This article is protected by copyright. All rights reserved.
Accepted Article * Freeze dried RBH powder was produced from IDRB by mild subcritical alkaline water extraction followed by optimal Protease G6 hydrolysis. This article is protected by copyright. All rights reserved.
Accepted Article This article is protected by copyright. All rights reserved.
